Obesity is accompanied by the presence of chronic low grade inflammation manifested by infiltration of macrophages into adipose tissue. Mannose-binding lectin (MBL), a soluble mediator of innate immunity, promotes phagocytosis and alters macrophage function. To assess the function of MBL in the development of obesity, we studied WT and MBL-/-mice rendered obese by high fat feeding (HFD). Whereas no gross morphological differences were observed in liver, HFD feeding provoked distinct changes in adipose tissue morphology of MBL-/-mice. In parallel with increased adipocyte size, MBL-/-mice displayed increased influx of macrophages into adipose tissue. Macrophages were polarized towards an alternatively activated phenotype known to modulate apoptotic cell clearance. MBL deficiency also significantly increased the number of apoptotic cells in adipose tissue.
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suggested that adipocyte hypertrophy results in enhanced secretion of pro-inflammatory and chemo-attractant-like adipokines, triggering influx of macrophages (7) . Additionally, enhanced release of free fatty acids (FFA) as well as development of hypoxia in the expanding adipose tissue may raise chemokine expression and promote infiltration of immune cells into adipose tissue (8) . Lastly, adipocyte death may promote macrophage abundance in adipose tissue, with a large proportion of macrophages directed to crown-like structures surrounding necrotic or apoptotic cells (9) (10) (11).
Evidence abounds indicating that besides quantitative changes, macrophages in WAT also undergo qualitative changes during obesity, leading to the presence of distinct subclasses of macrophages (12) (13) . This functional heterogeneity among macrophages is broadly categorized following the M1/M2 paradigm, in which M1-macrophages represent classically activated macrophages characterized by enhanced inflammatory cytokine production, whereas M2-polarized macrophages generally attenuate inflammation and are involved in restoring tissue homeostasis (14) (15) .
Mannose-binding lectin (MBL) plays a role in the first line host-defence as part of our innate immune system (16) (17) . Primarily synthesized in the liver, MBL circulates in serum and has been suggested to function as an acute phase reactant with rapid sequestration towards sites of Interestingly, circulating levels of MBL vary greatly between individuals, which is related to several common variant alleles in the MBL gene (27) (28) . MBL deficiency has been linked to several inflammatory diseases, such as rheumatoid arthritis (29) and coronary artery disease (30) . Recently, it was suggested that the level of MBL in serum might influence the aetiology of obesity and type 2 diabetes. Indeed, women with genetically determined lower levels of MBL were at greater risk of developing gestational diabetes (28) . Additionally, levels of MBL negatively correlated with obesity and insulin resistance in a mixed population and in women with polycystic ovary syndrome (31) (32) . In contrast, a positive correlation was reported between MBL serum levels and development of type 2 diabetes (33).
Conceivably, identification of its mode of action may help resolve the apparent conflicting data on MBL and insulin resistance/type 2 diabetes. Insofar as adipocyte death is a key feature of obese adipose tissue, we hypothesized that MBL, in line with its ability to bind endogenous ligands present on apoptotic cells, may play a role in recognizing dying adipocytes and thereby modulate development of obesity-induced inflammation in WAT. To test this hypothesis, WT and MBL-deficient mice were fed a high fat diet (HFD) to induce obesity and the phenotypes of both strains were carefully characterized.
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Materials & Methods
Human study
Adipose tissue samples were obtained from healthy, overweight (body mass index [27] [28] [29] [30] [31] [32] [33] [34] [35] kg/m2) and lean (body mass index 20-25 kg/m2) subjects between 40 and 70 years old.
Individuals with signs of a current infection and a history of recurrent infections were excluded from the study. Furthermore, also auto-immune diseases, immunodeficiency or immunosuppressive treatment (including TNFα blocking agents and corticosteroids) were reasons to exclude subjects from this study. Subcutaneous adipose tissue biopsies were obtained under local anaesthesia by needle biopsies 6-10 cm lateral to the umbilicus after an overnight fast. The study protocol was approved by the University of Nijmegen Ethical
Committee and all participants gave written informed consent. Immunohistochemical detection of CD68 in adipose tissue was performed using a CD68-monoclonal antibody (AbD 
Animal study
Three breeding pairs of MBL -/-mice (lacking both MBL-A and MBL-C) and corresponding WT mice on a C57BL/6 background were obtained from Jackson Laboratories and further expanded in our local animal facility. Male mice at the age of 10-12 weeks were fed a semipurified low fat diet (LFD) for two weeks. Thereafter, mice either continued on the LFD or switched to a high fat diet (HFD) for 20 weeks, providing 10 or 45 energy % from fat (D12450B or D12451, Research Diets). In both diets, lard was replaced by palm oil. At the 
Metabolic cages
Animals were subjected to indirect calorimetry analysis (Phenomaster, TSE Systems, Bad Homburg, Germany). A period of 48 hours of acclimatization was included prior to the start of the experiment. Oxygen consumption (VO2) and carbon dioxide production (VCO2) were determined at 20 minute intervals. Respiratory exchange ratio (RER) was calculated as the ratio between VCO2 and VO2. Energy expenditure (EE), fat oxidation (FAox) rate and carbohydrate oxidation (CHox) rate were calculated as previously described (34) . Data from the light and dark phase were averaged and tested separately to distinguish periods of high and low physical activity.
Circulating metabolic parameters
Plasma concentrations of glucose, triglycerides (TG), cholesterol (Instruchemie) and FFA (Wako Chemicals), were determined following the manufacturer's instructions. Insulin 
ITT and GTT
For the insulin tolerance test (ITT), 4-hour fasted mice were injected intraperitoneally with insulin (0.75 unit/kg bodyweight). For the glucose tolerance test (GTT), 4-hour fasted mice were injected intraperitoneally with glucose (1 g/kg bodyweight). Blood was collected by tail bleeding at specific time intervals, and glucose was measured using Accucheck compact plus.
Liver Triglycerides & cytokine levels
Liver triglycerides were determined in 10% liver homogenates prepared in buffer containing 250 mM sucrose, 1mM EDTA and 10 mM Tris-HCl at pH 7.5 (Instruchemie). Hepatic levels of TNFα were determined by means of DuoSet ELISAs (R&D systems), according to manufacturer's protocol.
RNA isolation and qPCR analysis
TRIzol reagent (Invitrogen) was used to isolate RNA from various tissues. RNA was reverse transcribed (iScript cDNA Synthesis Kit; Biorad) and real time qPCR was performed using SensiMix Sybr Kit (Bioline) in a CFX384 Biorad Real-Time PCR system. Expression values were normalized using 36B4 as a housekeeping gene. Primer sequences were derived from the Harvard Primer Database.
Cell Culture
Bone-marrow cells were isolated from the femur WT mice and cultured using standard protocol. Briefly, freshly isolated cells were cultured and differentiated into bone marrow derived macrophages (BMDMs) in DMEM (Gibco), containing 10% FCS, 1%
Penicillin/Streptomycin and 30% L929 conditioned medium during 5-8 days.
Phagocytosis assays
Using a Vybrant assay according to the manufacturer's instructions (Invitrogen), the phagocytic capacity was tested. Cells were pre-incubated for 1 hour with recombinant MBL-A and MBL-C (R&D systems) before the phagocytosis assay was performed. The
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phagocytosis assay using apoptotic 3T3-L1 adipocytes was performed with RAW264.7 cells.
3T3-L1 differentiated adipocytes were rendered apoptotic using staurosporine treatment at 1 µM for 18 hours. Adipocytes were trypsinized and pelleted at 400g for 5 minutes. After resuspension, cells were added to PKH26-stained RAW264.7 cells. Staining of the RAW264.7 cells with PKH26 (Sigma-Aldrich) was done following manufacturer's instructions.
Adipocyte and stromal vascular cell isolation
Epididymal WAT was dissected and kept in PBS. The tissue was minced, digested for 1 h at 37°C (0.5g/l collagenase (Type 1) in HEPES buffer (pH 7.4) with 20 g/l of dialyzed bovine serum albumin (BSA, fraction V, Sigma, ST Louis, USA), and filtered through a nylon mesh (236 µm pore). The stromal vascular cells were fixed using 0.5 % paraformaldehyde, stored in FACS buffer (PBS, 0.02% natrium azide, 0.5% FCS) in the dark at 4°C and analyzed using flow cytometry within one week. Alternatively, the stromal vascular fraction was plated in black 96 well culture plates (Corning). After adherence of the cells to the cell culture plate, the phagocytosis assay was performed. Cells were pre-incubated for 1 hour with recombinant MBL-A and MBL-C (R&D systems) before the phagocytosis assay was performed.
Adipocyte lipolysis assay
The isolated adipocytes were incubated for 2h at 37°C in DMEM/F12 with 2% BSA in combination with or without 8-bromoadenosine 3'-5'-cyclic monophosphate (8bcAMP) (10 -3 M) (Sigma) and/or insulin (10 -9 M), to determine the anti-lipolytic effect of insulin. Glycerol concentrations were determined using a free glycerol kit (Sigma) with the inclusion of the hydrogen peroxide sensitive fluorescence dye Amplex Ultra Red (35) . 
Flow cytometry analysis
Statistical Analysis
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Results are shown as means ± SEM. Statistically significant differences were calculated using a Student's t-test or a two-way ANOVA. The cut-off value for statistical significance was set at a p-value of 0.05.
Results
Systemic levels of MBL increase following a long term HFD-First, we determined the effect of HFD-induced obesity on circulating MBL concentrations. Remarkably, obese mice fed HFD for 20 weeks displayed significantly higher levels of circulating MBL-A and MBL-C, the two MBL forms that exist in mouse, compared to mice fed the LFD (Figure 1A+ B) . In contrast, short term feeding for 4 days using a diet consisting of 60 energy% derived from fat only led to up regulation of MBL-A in the circulation whereas MBL-C levels were not affected (Supplemental Figure 1A) . 49,2 g; p-value = 0.007) ( Figure 1C ). Food intake, however, was similar among both groups (Suppl Figure 1B) . Using indirect calorimetry, no differences in total energy expenditure were observed between WT and MBL-/-animals both during LFD and HFD conditions ( Figure 1D ). Plasma levels of FFA and leptin were significantly higher in HFD-fed MBL-/-mice compared to WT mice, while no significant differences were observed between the LFD-fed groups (Table 1) . However, while HFD-induced fasting hyperglycaemia and hyperinsulinemia in both MBL-/-and WT mice, no differences in plasma glucose and insulin levels were observed between the genotypes (Table 1 ). Furthermore, no substantial differences in Kupffer cell numbers were observed between WT and MBL-/-mice, as visualized by F4/80 staining ( Figure 1F ) nor were any differences seen in collagen deposition using Sirius Red staining (Suppl Figure 4A ). qPCR analysis of the liver revealed that several pro-and anti-inflammatory cytokines were upregulated in the absence of MBL. Hepatic expression levels of the transcription factor PPARα, known to be activated by fatty acids, were similarly regulated between WT and MBL-/-animals (Suppl Figure 4B ).
MBL affects the development of DIO in mice-
Hepatic response to HFD feeding is unaltered in MBL-/-mice-Since
Profound differences in adipose tissue morphology and gene expression between WT and
MBL-/-mice fed HFD-Interestingly, the weight of the various adipose tissue depots was altered between WT and MBL-/-mice fed the HFD (suppl Figure 5 ). Adipocyte cell size was significantly enhanced in MBL-/-mice compared to WT mice after the HFD-intervention ( Figure 1H+ J) . Strikingly, the abundance of macrophages in adipose tissue was markedly elevated in MBL-/-mice, as shown by immuno-histochemical staining ( Figure 1I ) and quantification of the number of crown-like structures ( Figure 1K ).
MBL deficiency induces infiltration of alternatively activated macrophages in WAT upon
HFD feeding-Consistent with the enhanced influx of macrophages into adipose tissue as determined by an immunohistochemical approach, gene expression levels of general macrophage markers F4/80 and CD68 were 3-to 4-fold increased in MBL-/-mice compared to WT mice (Figure 2A) . Noticeably, gene expression levels of the chemoattractant MCP-1
were increased by the HFD-intervention yet displayed no differences between both genotypes (Figure 2A ). To further investigate the degree of WAT inflammation, expression levels of several pro-and anti-inflammatory genes were measured. Gene expression levels of the proinflammatory marker IL-1β were not altered in MBL-/-mice (Suppl figure 6) . In contrast, expression of TNF-α, a pro-inflammatory cytokine involved in adipocyte apoptosis, was three-fold higher in MBL-/-mice fed HFD compared to WT mice fed HFD (Suppl figure 6) .
A similar result was found for TGF-β, an immunosuppressive cytokine capable of polarizing macrophages towards an alternative phenotype (Suppl figure 6) . Adipose tissue expression levels of various M2 markers including IL-1 receptor antagonist, IL-10 and CD206 were markedly elevated in HFD-fed MBL-/-mice whereas FIZZ1 levels were only mildly elevated in animals lacking MBL ( Figure 2B ). In contrast, the typical M1 marker genes IL-6, IL-12 and osteopontin were only mildly higher in HFD-fed MBL-/-mice compared to WT mice ( Figure 2B ). Noticeably, high levels of CD11c also suggest the presence of M1 polarized cells. However, CD11c-positive M1-like ATMs do possess a high degree of phenotypic plasticity (13) . FACS analysis showed more M2 macrophages as compared to M1 macrophages present in adipose tissue of HFD-fed MBL-/-animals ( Figure 2C ).
MBL deficiency modifies effective removal of apoptotic cells from adipose tissue-Apoptosis is increasingly considered as a potent initiator of macrophage influx into adipose tissue (10) (11). MBL is capable of binding to apoptotic cells and has been shown to be involved in
clearance of apoptotic cells in vivo, with a delayed clearance of apoptotic cells observed in MBL-/-mice (19) (22) . Consistent with this notion, TUNEL staining revealed a modest but significantly higher percentage of apoptotic cells in WAT of HFD-fed MBL-/-mice compared to WT mice (p=0.01) ( Figure 3A+B ). In line with these results, cleaved caspase-3 levels, a marker for apoptosis, were increased in adipose tissue of HFD-fed MBL-/-animals as compared to WT mice ( Figure 3C ). Noticeably, although caspase-3 levels were elevated in adipose tissue of MBL-/-animals versus WT mice, differences did not reach statistical Therefore, we set out to quantify the phagocytic capacity of the stromal vascular fraction (SVF) known to carry out phagocytic functions in the adipose tissue of chow-fed animals (36) . This approach allowed us to compare stromal vascular fractions with a similar cellular composition between WT and MBL-/-animals. As shown in Figure 3E , the phagocytic capacity of the SVF was lower in cells isolated from epididymal adipose tissue of MBL-/-animals while the addition of recombinant MBL greatly enhanced phagocytic capacity of the SVF ( Figure 3E ). Interestingly, results of insulin and glucose tolerance tests were unaltered by MBL deficiency ( Figure 3F ). We have also performed ex vivo measurements of adipocytes isolated from the epididymal adipose tissue. No differences ex vivo were observed for insulinresponsiveness of the adipocytes after 20 weeks of HFD-feeding (Suppl Figure 7A) .
Additionally, we also tested intracellular signal routes activated by insulin within adipose tissue of LFD and HFD-fed WT and MBL-/-animals. To that end, isolated and cultured adipose tissue explants were stimulated with insulin for 20 minutes. Insulin treatment of the adipose tissue explants led to phosphorylation of AKT. The HFD-intervention reduced sensitivity to insulin as visualised by a reduction in pAKT levels. However, no differences were observed between both genotypes (Suppl Figure 7B ).
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MBL alters the phagocytic response of macrophages towards apoptotic adipocytes-To monitor the effect of MBL on the phagocytosis of apoptotic adipocytes by macrophages, we developed an assay to monitor the uptake using flow cytometry. Fully differentiated 3t3 adipocytes were rendered apoptotic. As shown in Figure 4A , based upon cleaved casp-3 levels within 3t3 adipocytes, cells were treated with staurosporine at 1 µM to induce apoptosis. After overnight treatment, cells were harvested and fed to RAW264 macrophages. suggesting that MBL does not only function as an opsonin, yet also modulates macrophage function to improve handling of apoptotic cells that contain large amounts of lipids. However, analysis using RAW264 macrophages revealed that recombinant MBL was unable to affect fatty acid oxidation rate. In contrast, LPS did lower fatty acid oxidation rate in these cells (Supplemental Figure 8) .
Variation in circulating MBL levels does not determine systemic insulin sensitivity yet affects the number of macrophages present in adipose tissue-To confirm effects of MBL on
systemic insulin sensitivity and macrophage influx in humans, we quantified insulin sensitivity (HOMA), the number of macrophages present in subcutaneous adipose tissue and circulating MBL concentrations in lean and obese subjects. Interestingly, we were able to detect the presence of MBL in human adipose tissue using an immunohistochemical approach ( Figure 5A ). Circulating MBL values were not affected by body weight nor by insulin 
